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A  STUDY  OF  THE  ALTERIUTING  CURRENT  SERIES  MOTOR 

With  the  constantly  Increasing  nlmter  of 
long  distance  alternating  cTtrrent  transmission 
lines  for  Ijoth  lighting  and  power  it  has  become 
necessary  for  manufactvirers  to  tiJirn  their  attent- 
ion towards  the  tffeveloping  of  the  alternating 
current  motor.   During  the  last  few  years  the 
alternating  current  series  motor  has  "been  devel- 
oped to  a  high  degree  of  perfection.  A  large 
starting  toroue  and  a  wide  variation  of  speed, 
which  are  the  characteristics  of  the  direct  cirr- 
rent  series  notor,  are  also  characteristic  of  the 
alternating  current  series  motor.   It  is  therefore 
used  for  traction,  and  for  driving  machinery 
which  requires  a  large  starting  torque  and  a 
v/ide  speed  teariation. 

In  order  to  appreciate  the  import8.nce  of  t 
the  alternating  current  motor  it  may  be  well  to 
point  out  a  few  advantages  of  the  alternating 
current  system  over  the  direct  current  syste.:;. 


A  STUDY  OF  THE  ALTERNATING  OURP.ENT  SERIES  MOTOR 

The  advantages  obtained  I'rom  the  upd  of  altern- 
ating current  for  traction  lies  in  the  economy 
of  transmission  rather  than  to  any  improvement 
of  the  alternating  current  oeries  i.'iotor.  7,Tiere 
poxer  is  to  te  transmitted  for  a  considerable 
distance  a  high  voltage  is  desirable,   v/hen  altern- 
ating current  is  used  this  high  voltage  may  be 
stepped  down  by  means  of  transformers  "^here  the 
po^^er  i^  to  be  utilir^ed.   In  the  case  of  electric 
railvrays  the  transformer  laay  be  carried  upon  the 
car  and  the  voltage  stepped  down  to  any  desirable 
value. 

In  the  case  of  long  distance  electric 
roads  transforme:r-  stations  can  be  us^d  f'^r  step- 
pi2ig  dovm  from  a  very  high  voltage  to  a  desir- 
able trolley  voltage.   In  these  transformer 
stations  there  is  no  rotating  machinery,  and 
hence,  the  maintainance  and  operating  expenses 
are  small. 


A  STUDY  OF  THE  ALTERNATING  CUREEWT  SERIES  MOTOR 

On  the  other  hand,  where  direct  current 
motors  are  used  for  traction,  it  is  necesrar^^  to 
use  either  direct  current  transmission  ar  to 
transmit  alternating  current  to  rotary  converter 
substations,  from  wiiich  the  line  is  sui..lied  77iti\ 
direct  current.   In  case  the  direct  current  trans- 
mission is  used  the  trolley  volta-ze   and  the  volt- 
age at  T?hich  the  motors  arc  operated  is  the  saae. 
Since  the  limiting  voltage  on  which  a  direct 
current  motor  'vill  operate  satisfactorily  is 
a'-^out  six  hundred  volts,  this  will  also  be  the 
voltage  at  which  the  power  is  transmitted,  which 
is  very  low  for  -^ny  long  distance  transmission. 
In  the  case  v/here  rotary  converter  substations 
are  used  to  transform  the  alternating  current  to 
direct  current  the  operating  expense  m.ay  be  con- 
siderable.  The  rotatiiig  machinery  requires  con- 
stant attention  and  the  maintainance  is  increased. 
In  the  case  of  an  accident  or  a  short  circuit  on 
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A  STUDY  OF  THE  ALTERNATING  CURRENT  SERIES  MOTOR 

the  line  the  system  may  be  put  out  of  service  for 
some  time.  Although  the  efficiency?  of  the  rotary 
converter  is  quite  hi^^h  it  is  not  economical  vjhen 
operating  on  low  load  factor. 

In  the  direct  current  system  a  variable 
voltajjo  for  starting  and  regulating  the  speed 
of  the  motors  is  obtained  by  connecting  the  m 
motors  in  series  or  in  parallel  and  thus  obtain 
two  economical  speeds.   In  order  to  obtain  addi- 
tional speed  variation  a  rheostat  is  iised.   The 
capacity  of  the  rheostat  is  generally  small  so 
that  it  may  be  left  in  the  circuit  for  only  a 
short  time.   Except  momentarily,  therefore, 
only  ti70  speeds  are  available  for  continuous 
running.   The  loss  in  the  rheostat  is  also  con- 
siderable, especially  in  starting. 

in  the  alternating  current  oyster.i  any  de- 
sired volt^gt"  may  be  obtained  across  the  motor 
by  means  of  a  transformer  or  a  reg-ulator,  placed 
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on  the  car.   The  losses  will  be  snail  in  this 
case  owin.r  to  the  hi^h  efficiency  of  the  trans- 
foriner.   The  motor  luay  be  run  at  i\ill  speed  or 
at.  any  other  speed  and  the  power  consumption  at 
all  speeds  will  be  proijortional  to  the  energy 
actually  expenrlod  In  dri^^ing  the  car. 

It  is  the  object  of  the  writers  to  obtain 
the  general  ciiaracteristict^  of  the  alternating 
current  series  notor  by  means  of  a  series  of 
tests  and  to  loint  out  the  important  features 
in  the  design  of  t^he  motor. 

The  tests  on  the  motor  were  cond">.icted  in 
order  to  dete:?;'aine  Its  criai'actoristics  mider 
various  conditions  of  load,  voltage  and  freoj^oncy. 
Also  to  determine  the  losses  which  occ'U'  in  the 
motor.   All  instrui'uents  used  were  carefully 
calibrated. 


DESCRIPTION  OF  THE  MOTOR 
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A  STU'DY  OF  THL'  ALTJ<;PNATIWG  CURRENT  SERIES  MOTOR 
The  notor  tented  was  of  the  Lainme  type, 
built  by  the  V/estinghouse  Electric  and  Manufact- 
uring Company.   Tlie  motor  is  of  rather  an  old 
df^sign,  being  one  of  the  first  machines  of  this 
type  to  be  i  laced  on  the  market  by  this  company. 
It  was  designed  for  the  operation  of  cranes, 
hoists,  and  similar  apparatus  requiring  inter- 
mittent service  T^ith  a  heavy  starting  torque  and 
a  '.vide  speed  variation.   The  motor  is  a  four  pole. 
one  hundred  volt,  sixty  cycle  machine  rated  at 
ten  horsoi/OT7er ,  at  one  thousand  revolutions  per 
minute.   The  frame  surrounding;  the  motor  is  of 
the  wholly  enclosed  type  but  is  so  designed  that 
the  working  parts  may  be  exposed  without  dismant- 
ling.  The  pole  pieces  are  built  of  soft  steel 
punchings  riveted  together  between  wrought  iron 
plates  and  are  secured  to  the  frame  by  bolts. 
The  compensating  windings,  field  windings,  and 
armature  are  all  connected  in  series.   The  com- 
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penpating  v;lnd.lngs  are  placed  in  slots  In  the 
pole  pieces,  -  there  being  t -elve  slots  per  pole. 
The  resistance  of  the  compensating  winding  Leing 
.0235  oh.a.   The  field  windings  are  form  wound  and 
have  a  resistance  of  .006  ohm.   The  armatui-e  is 
constructed  as  the  ordinai'y  direct  current  motor 
armature.   There  are  one  hundred  forty  one  com- 
mutator segraents  and  forty  seven  slots.   In  each 
commutator  lead  there  is  placed  a  resistance  of 
german  silver  wire  for  the  prevention  of  a  largo 
short  circuit  current  under  the  brushes.   The 
resistance  of  the  armature  vras  found  to  ^e  .091 
oi-im,  while  the  resistance  of  each  lead  was  found 
to  be  .05  ohm.   A  starting  and  Reversing  rheo- 
stat such  as  is  used  for  direct  current  motors 
was  used  in  connection  vrith  the  machine. 
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BRAKE  TEST  ON  SIXTY  CYCLES. 
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A  STUDY  OP  THE  ALTERNATING  CUR:  SIIT  SERIES  MOTOR 

In  order  to  rieterraine  the  relations  of 
speed  ,  torque,  power  factor,  output,  and  effici- 
ency to  the  current  Input  we  applied  a  conrtant 
voltag*^  to  the  raachlne  and  ran  the  brake  tear.t. 
The  raotor  was  operated  on  sixty  cycles  and  the 
impressed  voltage  kept  constant  at  one  hundred 
volts.   The  motor  was  operated  on  full  load  for 
some  tirne  before  rcadingr,  were  taken  in  order  to 
allow  the  temperature  to  become  fairly  constant. 
The  load  was  varied  by  means  of  the  prony  brake 
from  a  minimum  allowable  load  to  the  maximum 
safe  load.   At  each  variation  of  th'^  load,  read- 
ings were  taken  of  the  speed,  cur.^-erit  input, 
power  input,  and  the  pressure  of  the  brake  arm 
on  the  scales. 

The  imprespcd  voltage  was  then  allowed  to 
vary  .and  the  current  input  v/as  kejjt  constaiit  at 
ninety  a  iperes  and  sixty  cycles.   Readings  were 
again  taken  of  speed,  iiniressed  voltage,  power 
input,  and  pressure  of  the  brake  arm.  on  the  scales. 


BRAKE   TEST    ON    TT7ENTY   FIV?;    CYCLES 
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A  STUDY  OP  THE  ALTEP.NATING  CURRENT  SERIES  MOTOR 

In  order  to  determine  the  effect  of  fre- 
quency on  the  opero.tlon  of  the  motor  a  test  was 
run  with  constant  impressed  e.  m.  f.  of  one 
hundred  volts  at  twenty  five  cycles.   The  load 
was  as  before,  varied  over  as  wide  a  range  as 
possible  by  means  of  the  brake  and  readings  were 
taken  of  the  speed,  current  input,  power  input, 
and  pressure  of  brake  arm  on  the  scales.   The 
motor  "ras  also  operated  upon  a  variable  voltage 
and  constant  current,  the  same  observations  as 
in  the  previous  case  being  made. 


BEAKE  TEST  ON  DIRECT  CURRENT 
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A  STI.'DY  OP  THE  ALTERHATII'IG  CURRENT  SERIES  MOTOR 

In  order  to  maXe  a  comparisoii  between 
alternating  current  and  direct  current  operation 
ne   ran  the  motor  on  direct  current  at  one  h'sm- 
dred  voltn.   7;e  again  made  obser'^^at ions  of  the 
speed,  current  input,  power  input,  and  pressure 
of  the  brake  arm  on  the  scales  the  same  as  with 
the  alternating  ciirrent. 


DISCUSSION  OP  CURVES 
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A  STUDY  OF  THE  ALTERNATING  CUPRENT  SERIES  MOTOR 

On  curve  sheet  #1  are  shovm  results  obtain- 
ed for  sixty  cycles  at  one  himdrod.  vr.it??.   The 
speed  and  torque  curves  a-'C  typical  of  those  of 
those  of  the  direct  cirrent  scries  motor.   The  tor- 
que varies  directly  as  the  ciirrent  input  and  the 
horsepower  output  also  varies  directly  as  the  cur- 
rent input.   The  power  factor  decreases  with  an 
increase  of  load  or  armature  input,  attaining  a 
minlinuin  value  of  .72P,  at  a  speed  of  6-15  r.  p.  m. 
The  efficiency  decreases  staedily  for  an  increase 
of  load  and  is  very  low,  -  attaining  a  maxiraum 
value  of  only  62>o. 

On  curve  sheet  fr2  are  shown  the  curves 
which  were  obtained  at  twenty  five  cycles  and 
100  volts.   In  this  case  the  torque  again  increase; 
diredtly  with  the  current  input  but  is  sone-'hat 
greater  for  a  given  ciirrent  than  "hen  operating 
on  sixty  cycles.   The  output  increases  nearly 
directly  with  the  current  and  for  a  given  current 
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A  STUDY  OP  THE  ALTERNATING  CURRENT  SERIES  MOTOR 

value  is  aljout  SOyj  higher  than  for  the  sixty 
cycle  cirrrent.   The  spe-d  for  a  given  current  i? 
also  iiTuch  higher  than  when  running  on  sixty  cycles. 

As  might  be  expected  the  power  factor  is 
very  iiaich  higher  on  twenty  five  cycles  than  on 
sixty  cycles,  due  to  the  decrease  of  reactance 
"both  in  the  armature  and  the  field  circuits.   In 
this  case  the  power  factor  is  practically  constant 
for  all  ciirrent  values,  being  equal  to  .98. 

On  curve  sheet  #3  are  shown  the  character- 
istics v/hen  running  on  direct  current.   All  of  the 
characteristics  are  nearly  the  same  as  when  run- 
ning on  alternating  current.   For  a  given  value 
of  current  input  the  torque  is  higher  than  for 
alternating  current  of  cither  twenty  five  or 
sixty  cyclGs.   The  efficiency  is  also  higher 
than  for  alternating  current. 

On  cui-ve  sheets  #4  and  #5  are  shown  curves 
giving  the  relation  of  impressed  voltage  to  speed, 
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A  STUDY  OP  THE  ALTERNATING  CURKENT  SERIES  MOTOR 

torque,  etc. ,  at  twenty  five  cycles.   It  1b  seen 
that  the  impressed  voltage  has  little  effect  upon 
the  torque  in  either  case.   The  speed  In  both 
cases  increases  directly  with  the  impressed  volt- 
age,- the  increase  in  speed  toeing  greater  on  the 
sixty  cycle  than  on  the  tvmnty  five  cycle  for  a 
given  Increase  in  volt^'.ge.   The  efficiency  in 
both  cases  increases  directly  with  the  iijpressed 
voltage,-  the  efficiency  being  nuch  higher  for 
the  twenty  five  cycle  corrent. 

The  machine  takes  a  very  large  current 
considering  its  output  and  heats  up  very  rapidly 
when  operated  anywhere  near  full  load.   It  was 
observed  that  this  heating  was  most  ptonounced 
when  running  on  sixty  cycle  alternating  current, 
while  37unning  on  direct  current  the  motor  did  not 
heat  up  nearly  so  rapidly,   v^e  did  not  make  a 
heat  run  on  the  machine.   It  could  be  readily 
seen  that  it  heated  up  excessively,  as  it  becai.ie 
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A  STUDY  OF  THE  ALTERIJATING  CURRi.NT  SERIES  MOTOR 

SO  hot  that  one  could  not  rest  his  hand  on  the  frame, 

The  inachine  sparked  somewhat  for  all  loads 
on  alternating  current.   On  direct  current  the 
coiiinutation  wae  niuch  'better.   The  efficiency  is 
rather  lov/  for  a  machine  of-  this  size.   This  is 
partly  due  to  the  large  current  taken  by  the 
machine  and  hence  a  large  copper  loss.   The  re- 
sistance of  the  circuit  is  about  one  tenth  of  an 
ohrn  so  that  when  the  raotof  is  talcing  one  hundred 
amperes  the  losses  will  be  about  one  thousand 
watts  or  one  and  a  third  horsepower.   The  friction 
losses  are  also  very  high.   This  high  friction 
loss  is  due  partly  to  the  brushes  bearing  on 
the  coranutator  and  amounts  to  nearly  one  horse- 
power.  The  brush  construction  is  very  poor,  the 
brushholders  being  rigid  and  brushes  bearing  on 
the  conL-rmtator  in  such  a  way  as  to  have  but 
little  play. 
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A  STUDY  OP  THE  ALTERMTIIIG  CURRENT  SERIES  MOTOR 

The  following  experiment  ?/as  attempted  In 
order  to  deterialne  the  effect  of  speed  and  fre- 
quency on  the  core  los;-.   The  scheine  of  connect- 
ions is  as  shown  in  the  figure.   The  alternating 
current  motor  v;as  driven  Ly  an  auxiliary  direct 
cui'rent  motor,  direct  connected.   The  efficiency 
of  the  direct  current  motor  was  determined  by  the 
stray  power  method  for  a  number  of  speeds  for 
xrhich  it  was  desired  to  test  the  alternating  cur- 
r'-nt  motor  for  core  Iosh.   Alternating  current  at 
sixty  cycles  "-as  then  eupi.lied  to  the  main  field 
of  the  alternating  current  motor  and  the  current 
and  power  input  were  measured.   The  motor  was 
driven  at  the  various  speeds  and  the  field  cur- 
rent was  left  constant.   Readings  of  the  watts 
input  into  the  field  of  tlie  motor  and  the  direct 
current  input  to  the  d.  c.  motor  vere  taken  for 
eacli  spe  d. 

The  brushes  were  removed  from  the  corjnuta- 
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A  STUDY  0?'  THE  ALTERNATING  CURRENT  SERIES  MOTOR 

tor  dujring  the  test  so  that  the  total  Input 
minus  the  correction  for  efficiency,  friction  and 
copper  losr  is  equal  to  the  core  loss.   Tho  fric- 
tion loss  for  the  different  dpeeds  was  obtained 
by  driving  the  alternating  current  vnotor  at  zero 
field  excitation  and  measuring  the  input  into  the 
d.  c.  motor  and  correcting  for  efficiency.   The 
copper  losses  in  the  a.  c.  motor  were  calculated, 
knowing  the  resistance  of  the  field  circuit. 

The  motor  was  tested  for  core  loss  at  90 
amperes  on  sixty  and  twenty  five  cycles,-  the 
speed  being  varied  between  500  r.  p.  m.  and 
1200  r.  p.  m. 
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A  STUDY  OP  THE  ALTERNATING  CURHENT  SERIES  MOTOR 

It  is  a  well  known  fact  that  the  lospes  of 
a  direct  current  ariaature  or  of  a  throe  phase  arm- 
ature are  larger  than  those  in  the  core  of  a 
transformer,-  the  volume,  induction,  and  freqiiency 
being  the  same  in  each  case.   In  the  case  of  the 
direct  current  motor  the  i;ia£;netization  is  pro  duc- 
ed  by  the  rotation  of  an  iron  Lody  in  a  magnetic 
field,  while  in  the  transformer  core  there  exists 
a  local  periodical  variation  of  the  field.   In 
the  single  phase  series  iriotor  both  kinds  of  mag- 
netization are  combined.  At  standstill  them  is 
only  a  transformer  action  present  but  after  start- 
ing the  armature  rotat^^s  in  an  alternating  field 
and  hence  there  are  two  different  periodicities 
v;hich  have  a  bearing  on  the  iron  losr.. 

As  seen  from  the  curves  the  iron  Iosf  in- 
creases with  the  speed  and  as  would  be  expected 
is  hi£iher  on  sixty  cycles  than  on  tv^enty  five 
cycles.   On  sixty  cycles  the  core  loss  ranges  be- 
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t'veen  five  hundred  and  seven  hundred  fifty  watts, 
the  speed  being  varied  fron  six  hundr^'d  to  tv.-elve 
hundred  revolutions  per  minute.   On  twenty  five 
cycles  the  loss  varied  'between  two  hundred  forty 
and  three  hundred  ten  watts  for  the  saiae  speed 
variation.   Tiiis  core  Iopb  on  sixty  cycles  is 
large  for  a  machine  of  this  size  and  accounts, 
to  a  large  extent  for  the  low  efficiency. 


EXPERIMENTAL  DETERMINATIOM  OF  THJ'" 
LOSSKS  DUE  TO  THE  SHORT  CIRCUIT 
CURREKT. 
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In  orler  to  determine  the  losseiS  result- 
ing from  the  current  in  the  short  circuited,  coil 
under  the  brush,  the  alternating  current  motor 
was  driven  by  an  auxiliary  direct  current  motor, 
direct  connected.   The  efficiency  of  the  direct  c 
current  motor  war.  determined  by  the  stJ"")y  power 
method.   The  motor  was  driven  at  one  thousand 
revolutions  per  minute  with  the  brushes  raised 
from  the  comrr.utator  and  the  field  not  excited. 
The  mechanical  input  in  this  case  is  equal  to  tho 
friction  and  vrindage.   The  motor  v/as  then  driven 
at  one  thousand  revolutions  per  minute  v;ith  tho 
brushes  dovm  (bearing  on  the  con::utstor )  and  the 
field  not  excited.   The  mechanical  input  in  this 
case  is  equal  to  the  total  friction  loss,  includ- 
ing the  brush  friction. 

?ith  the  brushes  raised  from  the  conr.iutator 
the  field  of  the  alternating  current  motor  v:as 
excited  vrith  different  -'alues  of  current  and  the 


A  STUDY  OP  THE  /LTEKNATIIIG  CUEF.ENT  SERIES  MOTOR 

mechanical  and  electrical  input  raeasixred.  The 
input  is  equal  to  the  mechanical  los:-  plus  the 
copper  loss  plus  the  core  Iosb, 

The  brushes  were  then  lOT/ered  onto  the  com- 
mutator and  the  mechanical  and  electrical  input 
was  again  measured,  the  current  as  before  being 
varied  from  zexo  to  ninety  amperes.  This  input 
is  equal  t.o  the  mechanical  Iosf.  plus  tlie  copper 
los^  plus  core  loss  plii.s  the  short  cii'cuit  losr.. 

As  may  be  seen  from  the  curves  the  short 
circuit  loss  increases  rapidly  v;ith  an  increase  of 
current  after  a  certain  value  of  load  cvxrrent  has 
been  reached.   In  this  motor  thin  loss  is,  hov/ever, 
much  smaller  than  the  loss  due  to  the  main  line 
cui'rent  and  would  lead  one  to  suppose  that  the 
resistance  of  the  leads  in  the  armature  colls 
is  too  high. 
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This  motor  was  designed  to  oper^re  at  tv/o 
hundred  volts  on  tenty  five  cycles.   It  is  slnilar 
In  all  respects  to  the  Pixty  cycle  rnachinc.   The 
rating  as  to  current  or  output  nas  not  placed  on 
the  motor  but  from  the  test  results  the  output  is 
about  twenty  horsepower  at  850  r.p.m.  A  constant 
pressure  of  200  voits  was  impressed  upon  the  motor 
and  the  brake  applied.   Readings  were  taken  of 
current,  speed,  power  input,  and  pressure  of  the 
brake  arm  on  the  scales. 

The  desired  voltage  v/as  obtained  by  step- 
ping up  from  100  volts  to  llOO  volts  and  then  step- 
ping down  to  200  volts.   Three  fire  K.'V.  trans- 
formers were  used  in  parallel.   The  capacity  of 
the  alternator  which  furnished  the  pov/er  was  only 
ten  K.'7.  so  that  it  was  neces'^'ary  to  overload  it 
considerably  dirring  the  test.   For  this  reason  a 
heat  rixn  v;as  not  attempted  as  it  was  impossible 
for  the  alternator  to  carry  the  load  for  any 
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length  of  time. 

The  characteristics  of  this  motor  corres- 
pond very  closel3''  to  those  of  large  railway'-  motors 
in  present  ure.   The  efficiency  is  quite  high,- 
reaching  a  maxiraum  of  84f3.   The  power  factor  is 
also  high,  decreasing  directly  v;ith  the  current 
from  .98  to  .81.   The  torque  varies  directly  ^7ith 
the  current  input  and  the  speed  curve  is  similar 
to  that  generally  obtained  vith  the  series  motor. 

Very  little  sparking  occured  at  the  "brushes 
xmder  all  conditions  of  load.   The  motor  was 
operated  at  full  load  for  only  a  short  time.  The 
temperature  rise  in  any  part  of  the  machine  dur- 
ing this  tine  was  inappreciable. 
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The  dlfT-iculties  which  arise  in  the  design 
of  the  alternating  current  neries  motor  over  tiiat 
of  the  direct  cjirrent  series  motor  are  due  chief- 
ly to  the  fact  that  the  field  is  an  alternating 
one.   Because  of  this  alternating  field  flux 
there  is  introduced  the  consideration  of  com  uta- 
tion  and  power  factor.   Any  direct  current  series 
motor  will  operate  on  alternating  cu.rrent  because 
the  armature  and  field  currents  are  in  phase  and 
both  the  armature  and  field  flux  are  reversed  at 
the  rame  time. 

The  most  series  dif  iculty  enco-oiitered  in 
the  alternating  current  series  motor  is  that  of 
comi.utation.   The  effect  of  the  alternating  field 
flux  upon  the  coll  hort  circuited  under  the 
brush  ir,  to  Induce  in  it  a  high  electromotive 
force,  and  hence  a  large  current.   The  short  cir- 
cuited coil  is  the  sajne  as  the  secondary  of  a 
transformer  of  vmich  the  field  is  the  primary. 
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The  large  current  in  the  short  circuited  coil 
under  the  brush  gives  rise  to  two  difficulties. 
First,  it  gives  rise  to  excessive  sparking  at  the 
brushes  and  a  consequent  overheating  of  the  com- 
mutator, armature  and  brushes.   Second, it  causes 
the  arinat\xre  c^Jirrent  tc  Le  out  of  phase  vrith  the 
field  flux  and  hence  the  motor  takes  an  increase 
of  current. 

The  value  of  the  e.  m.  f.  induced  in  the 
short  circuited  coil  varies  directly  as  the  ntimi- 
ber  of  turns  pe::  c<!5il,  the  maximum  value  of  the 
flux,  and  the  frequency.   It  is,  therefore,  desir- 
able to  operate  at  a  lov7  frequency  and  to  use  as 
few  armature  turns  per  section  as  possible.   Bmt 
with  these  precautions  the  short  circuit  currents 
are  still  too  large  for  good  commutation. 

Various  methods  have  been  Introduced  for 
decreasing  the  short  circuit  current.   Of  these, 
the  most  succesf^i^il,  and  the  most  generally  used. 
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Is  that  of  placing  resistance  loadB  in  each  coil 
"between  adjacent  coiiii.:utator  segments.   The  leads 
usually  consist  of  German  Silver  v/ire  placed  in 
each  coil  -nd  so  arranged  as  to  be  in  parallel 
;7ith  respect  to  the  main  line  curreiit,  but  in 
series  with  respect  to  tho  short  circuit  cui-rent. 

By  this  method  the  short  circuit  current 
may  be  decreased  as  much  as  desired,  '''ith  an  in- 
crease of  the  resistance  leads  the  resistance  to 
the  main  line  current  is  also  increased,  so  that, 
while  the  commutation  has  been  improved  upon,  the 
copper  loss  in  the  armature  has  been  increased. 
In  order  to  obtain  the  most  efficient  results  it 
is  necesrary  to  have  the  short  circuit  loss  and 
the  main  line  current  loss  eoual,  and  the  resist- 
ance leads  are  usually  such  as  to  prod\ice  this 
effect.   Although  the  resistance  leads  are  object- 
ionable, due  to  the  los;-  of  power  whi-h  occurs 
there,  it  must  be  remembered  that  without  them 
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the  short  circuit  current  would  he   very  large  and 
hence  the  combined  short  circuit  and  armature  loss 
would  be  considerably  greater  than  without  the:a. 

In  American  practice  thp  resistance  leads 
have  benn  us^'-d  almost  exclusively.   In  European 
practice  many  metliodi?  ha'^e  been  adopted  for  deoTeas- 
ing  the  sparking  both  at  starting  and  under  run- 
ning conditions.  Ail  of  these  raethod?  are  similar 
in  this  respect  that  tliey  tend  to  induce  a  second 
transformer  e.  in.  f.  into  the  short  circuit  coil 
so  as  to  oppose  the  first,  and  hence  neutralize  it 
entirely.   This  is  acco..;plished  by  Inserting  extra 
coils  in  the  circuit,  vrhich  have  s  transformer  ef- 
fect upon  the  short  circuited  coil,   such  a  cons- 
truction, however,  requires  certain  co::iplicat .ons 
which  are  not  very  desirable  in  a  large  cor^nercial 
machine . 

In  the  7estinghouse  motors  built  for  the 
locomotives  of  the  New  York,  Hew  Haven  and  Hartford 
Railroad  the  resistance  leads  aie  used  to  prevent 
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sparking  at  the  brushes.   The  armature  Ic  com- 
pletely closed  upon  itself  and  the  resistance  leads 
are  tapped  to  the  armature  winding  at  the  end  of 
each  txirn,  and  are  then  joined  to  the  co^.rutator. 
In  this  construction  only  one  turn  per  an.iature 
section  is  used,  with  the  result  that  the  trans- 
former e.  m.  f.  in  the  short  circuited  coil  is 
comparatively  low.   The  resistance  leads  are, 
furthermore,  placed  so  as  to  "be  non-inductive  so 
that  the  short  circuit  current  is  approximately 
in  time  phase  ?rith  the  transformer  e.  ra.  g.  in 
the  armature  coil,  or  in  time  quadrature  with  the 
main  armatm'e  current.   The  result  of  this  is 
that  the  armature  current  and  the  field  flux  arenot 
out  of  phase  due  to  the  short  circuit  current. 

The  resistance  leads  are  covered  with  in- 
sulating material  sij-ailar  to  that  used  on  the  main 
armature  winding  ^^nd  a-e  placed  in  slots  beneath 
the  main  armature  winding. 


-  DISCUSSION  ON  POWER  PACTOP.  AND 
SIZE  0?  MOTOP 
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Due  to  the  alternating  ciu^rent  in  the  a.  c. 
series  motor  circuit  there  is  to  "be  considered  the 
reactance  oi'  the  field  and  aiTiiature  circuit  In 
addition  to  the  ri^^sistance.   Due  to  the  nat'tirally 
high  Inductance  of  the  field  an\   ai-mature  ci.rcuit 
there  is  introduced  a  considerable  angle  of  lag 
of  the  current  behind  the  impressed  e.  in.  f.   The 
cosine  of  the  angle  between  the  two  quantities 
being  the  power  factor. 

The  conditions  upon  wnich  the  pov.'er  factor 
depend  may  be  best  understood  by  means  of  the 
clock  diagram  as  given  below. 
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Zgl  is  the  impedance  of  the  anaatiire  and  Zfl  io 
the  impedance  of  the  field  circuit.   Ec  1-  the 
counter  e.  m.  f.  generated  in  the  arnature  andis 
practically  in  phase  opposition  to  the  current. 
Prom  the  diagram  it  io  se  n  that,  in  order  to  ob- 
tain good  power  factor  it  is  necessary  to  have 
the  iri^edance  of  the  field  and  armature  circuit 
as  small  as  possible  in  comparison  v/ith  the 
counter  e.  m.  f. 

The  influctance  of  the  arr.aturc  circuit  is. 
naturally  ouite  high  and  in  order  to  reduce  this 
It  is  necessary  to  insert  a  set  of  coils  '-.'hose 
magnetomotive  force  is  opposite  to  that  of  thr'  arm- 
ature coils,  and  hence  neutralize  the  flux  surround- 
ing the  armature  conductors.  This  is  acco.iiplished 
"by  placing  in  the  pole  faces  a  number  of  coils 
parallel  to  the  armature  inductors  anl  carrying  a 
current  in  a  direction  such  that  th'^  magnetomoti'"'e 
force  op:;oses  that  of  the  conductors  in  the  armature, 
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The  flux  set  v:p   by  these  coils  Id  at  right  angles 
to  the  main  field  flux.   These  coils  nay  be  con- 
nectod  either  in  series  wiht  the  armat-ore  or  they 
may  be  short  circuite '  upon  themselves.   In  the  f 
forner  case  the  comperisation  ir.  called  conductive 
and  in  the  latter  case  inductive  or  tra::sforrner 
compensation,   "'ith  the  transfor  er  compensation 
the  armature  flux  i  neutralized  completely,  "/ith 
the  con.pensating  coils  connected  in  series  v;ith 
the  armature  th' ■  compensation  may  be  varie  : .  Due 
to  the  air  gap  betv^  en  the  pole  face  and  the  armat- 
ure there  is  some  leakage  so  that  compensation  is 
never  quite  comjlete  and  ">  small  reactance  is  pre- 
sent in  the  armatiii'e  and  compensating  coil  circuit. 

In  order  to  introduce  a  low  value  of  field 
reactance  it  is  necessary  to  produce  the  desired 
flux  :^ith  as  few  tufns  on  the  field  as  possible. 
It  is,  therefore  necessary  to  v^ork  at  m  low  flux 
density  or  to  use  a  large  numler  of  poles  v:ith 
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few  tiirnp  per  j  ole.  pot   a  certain  field  cixt-  ent 
the  flux  varies  as  the  first  pover  and  the  react- 
ance as  the  second  pover  of  the  nuniLer  of  turns. 
The  advantage  in  using  a  large  n^-Kiber  of  poles  lies 
in  the  fact  that  the  magnetomotive  force  for  pro- 
ducing th  desired  flux  is  distributed  throughout 
a  fe77  turns,  which  result b  in  a  smaller  reactance 
than  if  the  flux  were  produced  ly  the  same  number 
of  turns  tut  not  distriiutcd. 

In  order  to  have  the  counter  e.  rn.  f.  as 
large  as  possible  for  v   given  speed  and  flux  it 
is  necessary  to  have  a  large  nurabe-  of  turns  on 
the  armature.  In  other  v/ords  the  amaturo  circuit 
should  be  magnetically  strong  in  comparison  with 
the  field  circuit.   As  a  rough  api^roxlmation  it 
may  be  stated  that  at  syiichronous  speed  the 
tangent  of  the  angle  of  lag  (of  wnich  the  cosine 
is  the  pow^r  factor^  is  eojJ.'"-l  to  the  ratio  of  the 
effective  field  to  armature  turns  and  it  decreases 
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Inversely  v/ith  an  increase  of  syC'  d.   Th*^  power 
factor  can,  therf^fore,  he   rendered  quite  higi  ■by- 
using  a  small  ratio  of  field  turns  to  arr.iature 
turns  and  operating  the  machine  at  a  speed  'vhich 
is  high  in  comparison  with  synchronous  speed. 

Since  the  r^  actance  of  the  field  and  arm- 
ature circuit  is  directly  j;roportional  to  the  fre- 
quency, other  things  beinij  consto.nt,  it  is  obvious 
that  the  reactanc  will  te  decreased  and  the 
power  factor  increas<:-d  by  decreasing  the  frequency. 

Due  to  the  la^;  of  ■che  current  behii;!  the 
e.  ni.  f.  the  apparent  input  into  an  alternating 
current  motor  may  be  divid^^d  into  tv/o  components 
at  right  angles  to  each  other.  One  is  the  energy 
and  the  other  is  tr.c  inductive  component.   The 
energy  component  represents  the  useful  input  into 
the  motor,  and  thoreforf^. ,  the  output  at  the  shaft 
plus  th  losses.   Since  the  pO'.^er  factor  is  only 
a  ratio  of  two  quantities,  that  is,  the  energy 
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component  tc  the  tatal  aptarent  input,  it  gives 
but  little  inforaation  a?,  to  the  actual  operation 
of  the  motor.   The  important  connideratioii  ir  the 
relativ-'  magnitude  of  the  energy  and  induct j.ve 
components.   This  may  be  determined  vihen   the 
poY/er  factor  and  the  apparent  in;iut  is  Kjio-to. 

A  high  power  factor  does  not  alv/nys  mean 
the  most  satisfr^ctory  op^^ratlon  of  the  motor  and 
the  effects  which  ar  ordinarily  attributed  to  a 
low  power  factor  are  really  due  to  a  large  inductive 
component.   If  the  value  of  the  inductive  co  - 
ponent  is  left  constant  for  any  given  input  and 
the  power  factor  is  raised  by  increasing  the  energy 
component  the  conditions  will  be  worse  than  be- 
fore.  Again  consider  t'o  motors  which  for  the 
same  output  have  the  sajne  inductive  component  but 
the  efficiency  of  the  first  is  greater  t.ian  that 
of  the  second,  then  it  fO-:lows  that  the  energy 
component  of  the  firpt  must  be  less  than  that  of 
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the  second.   In  thlf^  case  the  motor  -ith  the  high- 
er power  factor  is  the  poorer  of  the  two  since  it 
has  the  same  inductive  component  but  o  lov.'er  lower 
efficiency  than  the  machine  witht  the  low  power 
factor. 

In  the  series  machine  the  inductive  com- 
ponent is  proportional  to  the  current  and  since 
the  sane "current  is  required  to  produce  the  same 
torque,  no  matter  whether  the  machine  is  just  start- 
ing or  running  at  full  sieed,  it  will  he  e^-ident 
that  the  inductive  component  is  the  sarae  for  any 
given  torque.   At  starting,  however,  the  power 
delivered  f'nd  hence  the  energy  coraponeiit  is  very 
small  so  that  tii  pov/er  factor  wllx  nee- ssarily 
he  low  •"'hile  at  full  speed  the  power  delivered  and 
hence  the  energy  component  will  he  lar^e  so  that 
the  power  factor  will  be  high.   Since  the  power 
factor  at  f\ill  load  is  usually  quite  high  it 
follows  that  the  inductive  component  must  he 
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comparatively  Bmall.   Gince  for  pi   given  torrue 
the  inductive  component  io  tlie  naine  in  starting, 
as  under  load  conditions  it  folloirs  that  for  a 
motor  with  a  high  efficiency  the  power  factor  in 
starting  will  be  lov:  since  the  energy  component 
is  entirely  due  to  the  losr-es.   On  the  other 
hand  a  low  efficiency  motor  will  on  starting  have 
a  high  pov;er  factor  pince  in  thir  case  the  losres 
and  hence  the  energy  component  will  be  large. 

The  torque  developed  by  the  motor  in  pro- 
portional to  the  current  and  a  given  toroue  may  be 
developed  by  means  of  a  wattless  cu-rrent  as  well 
as  an  energy  current.   It  is  therefor  desirable 
to  produce  the  r^'^quired  torque  vrith  as  little  ex- 
penditure of  energy  as  possible.   Since  the  induc- 
tive component  is  alw^-ys  present  it  is  desirable 
at  starting  to  have  a  low  pov/er  facror,  hence  a 
small  loss,  and  produce  ti  e  torqu.e  by  means  of  the 
wattless  current.   rom  the  above  discussionit  wi;.l 
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be  seen  that  as  far  as  the  operation  of  the  motor 
is  concerned  a  high  power  factor  is  not  necessarily 
desirable  under  all  operating  conditionr.. 

From  the  foregoing  discuspioii  it  will  be 
appare.  t  that  the  alternating  current  motor  for 
a  given  output  v^ill  be  large  than  the  direct  cui-- 
rent  motor.   The  field  core  being  worked  at  a  low- 
er flux  density  than  for  a  direct  current  motor 
will  require  a  larger  cross-sectional  area,  or 
^here  will  be  a  greater  nimber  of  poles  than  in 
the  direct  current  machine.  Considerable  room  is 
also  required  for  the  compensating  coils.  In  order 
to  reduce  sparking  the  commutator  will  require  a 
larger  nu-.-ber  of  segments  than  in  the  direct  cur- 
rent machine.  In  order  to  develop  a  high  counter 
e.  m.  f.  for  a  fixed  speed  and  field  flux  it  will 
be  necessary  to  have  a  large  nuraber  of  an.iature 
conduct'  rs  and  hence  the  size  of  thearmatixre  will  be 
increased  over  that  of  the  direct  current  motor. 
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